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METHOD FOR OBSERVING A SAMPLE BY
LENS-FREE IMAGING

FIELD OF THE INVENTION

The technical field of the mnvention 1s related to the
observation of a sample, 1n particular a biological sample, by
lens-free 1maging. The sample may especially be a biologi-
cal tissue, the observation being carried out for the purposes
ol histological analysis.

BACKGROUND

The observation of samples, and 1n particular biological
samples, by lens-iree 1maging has seen substantial develop-
ment over the last ten years. This technique allows a sample
placed between a light source and an 1mage sensor to be
observed without a magnifying optical lens placed between
the sample and the image sensor. Thus, the 1mage sensor
collects an 1mage of the light wave transmitted by the
sample.

This 1image 1s made up of 1nterference patterns formed by
interference between the light wave emitted by the light
source and transmitted by the sample, and diflracted waves
resulting from the diflraction by the sample of the light wave
emitted by the light source. These interference patterns are
sometimes denoted difiraction patterns.

Document W0O2008090330 describes a device allowing
biological samples, 1n this case cells, to be observed by
lens-free 1maging. The device allows an interference pattern
to be associated with each cell and the morphology of this
pattern allows the type of cell to be 1dentified. Lens-free
imaging would thus appear to be a simple and mnexpensive
alternative to conventional microscopy. In addition, its field
ol observation 1s clearly larger than that obtainable with a
microscope. Thus, 1t will be understood that the potential
applications of this technology are broad and far-reaching.

Generally, the image formed on the image sensor, 1.e. the
interference pattern image, may be processed by way of a
holographic reconstruction algorithm, so as to estimate
optical properties of the sample. Such algorithms are well
known 1n the field of holographic reconstruction. To do this,
the distance between the sample and the image sensor being
known, a propagation algorithm, taking into account this
distance and the wavelength of the light wave emitted by the
light source, 1s applied. It 1s then possible to create an image
of an optical property of the sample. A numerical recon-
struction algorithm 1s for example described i US 2012/
0218379.

The relevance of lens-Iree imaging to histological analy-
s1s of cancerous tissue samples taking the form of a thin
strip, or slice, deposited on a transparent holder has recently
been demonstrated. The large field of observation achieved
with lens-iree 1maging, coupled to 1ts low cost, are decisive
advantages with respect to the use of a conventional micro-
scope. In addition, the use of holographic reconstruction
algorithms makes it possible to form an absorption 1mage or
a phase 1mage of the observed sample of a high enough
quality for a reliable histological analysis to be carried out.

The publication Greenbaum A, “wide-field computational
imaging of pathology slides using lens-ifree on-chip micros-
copy’’, Sci. Transl. Med 6, 267ral75 (2014), for example
describes the application of lens-free 1maging to anato-
mopathological slides formed by sampling various types of
biological tissues. The same 1s also true of the publication
Luo W. “Synthetic aperture-based on-chip microscopy”,

Light: Science & Applications (2015) 4, e€261. In this
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publication, an optical coupling oil 1s applied between the
image sensor and the sample so as to improve the optical
coupling. However, the time required to obtain an image of
a sample of 1 mm~ exceeds 45 minutes, this being far too
long and mcompatible with routine use.

The mventors provide a method for observing a sample,
and 1n particular a tissue sample, by lens-iree 1maging,
implementing holographic reconstruction methods and
allowing a clearer 1image to be formed. This method 1is
particularly suitable for the observation of biological tissues.

SUMMARY

A first object of the invention 1s a method for observing
a sample, and preferably a porous sample, including the
following steps:

1) 1lluminating said sample using a light source able to
emit an incident light wave that propagates towards the
sample;

11) acquiring, using an image sensor extending 1n a detec-
tion plane, at least one 1mage of the sample, the sample
being placed between the light source and the 1mage
sensor, each 1mage being representative of an exposing,
light wave, to which the image sensor 1s exposed;

111) applying a propagation operator to the image acquired
in step 11) so as to form an 1mage representative of the
exposing light wave, 1n a plane passing through said
sample;

wherein the method also comprises, prior to step 11),
applying an impregnating fluid to the sample, such that
the sample 1s impregnated with the impregnating 1ig-
uid, the impregnating liquid having a refractive index
strictly higher than 1, such that the sample 1s made
transparent or translucent after the impregnating liquid
has been applied, wherein the image formed 1n step 111),
1.¢. the 1mage representative of the light wave to which
the 1mage sensor 1s exposed, i1s established from the
phase, 1n the plane passing through the sample, of the
exposing light wave.

The light wave transmitted by the sample corresponds to

a light wave to which the 1mage sensor 1s exposed.

The sample may be impregnated before step 1) or between
steps 1) and 11).

Preferably, the image formed in step 111), 1.e. the 1image
representative of the light wave transmitted by the sample,
1.¢. the light wave to which the image sensor 1s exposed, 1s
established from the phase, in the sample plane, of said light
wave transmitted by the sample. Thus, step 111) allows the
phase of this light wave in a plane passing through the
sample to be determined. The plane passing through the
sample may be a plane 1n which the sample extends. It 1s
preferably substantially parallel to the detection plane.

The method may comprise applying a high-pass filter to
the 1mage formed 1n step 111).

According to one preferred embodiment, the sample 1s a
slice of biological tissue.

According to one preferred embodiment, the impregnat-
ing liquid has a refractive index comprised between 1.2 and
1.8 or between 1.3 and 1.7.

According to one embodiment, said impregnating liquid
extends from the sample to the image sensor. The 1mage
sensor comprises a plurality of pixels, and the impregnating
liguid extends from the sample to these pixels. Each pixel
may be coupled to a focusing microlens, in which case the
impregnating liquid may extend from the sample to each
microlens.
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According to one embodiment, the impregnating liquid 1s
applied to the sample or to the 1image sensor and then the

distance between the sample and the image sensor 1is
decreased until the impregnating liquid extends from the
sample to the 1image sensor.

A transparent slide can be placed between the sample and
the image sensor, the impregnating liquid extending between
the sample and said transparent slide.

According to one embodiment, step 1) includes forming
a plurality of i1mages, each image being acquired in a
different spectral band, step 111) then including the following
substeps:

a) determining, from each image acquired 1n a spectral
band, an mitial complex amplitude of the exposing
light wave 1n said spectral band, in the detection plane;

b) on the basis of each complex amplitude established 1n
said detection plane, in each spectral band, determining
a complex amplitude of the exposing light wave 1n each
spectral band, in the plane in which the sample extends;

c) combining a plurality of complex amplitudes deter-
mined 1n substep b), 1n various spectral bands, 1n order
to calculate a weighting function 1n the sample plane;

d) projecting said weighting function into the detection
plane so as to obtain, for each spectral band, a weight-
ing function in said detection plane;

¢) updating each complex amplitude of the exposing light
wave 1 each spectral band, 1 the detection plane,
using said weighting function obtained, in said spectral
band, 1n substep d);

1) repeating substeps b) to ¢) until an end criterion 1s met.

The method may include a substep g) of forming an 1image
representative of the argument, in the plane of the sample, of
the complex amplitude of the exposing light wave transmit-
ted by the sample 1n at least one spectral band.

According to a preferred embodiment, no 1image-forming
or magnifying optics are placed between the sample and the
1mage Sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a first exemplary device for implementing,
the invention, the analysed sample being an anatomopatho-
logical slide. FIGS. 1B and 1C show various sample con-
figurations.

FIG. 2A shows the detection plane, on which an 1image 1s
formed, and the plane in which the sample extends. This
figure also illustrates the relationships between the main
quantities implemented in a preferred reconstruction algo-
rithm.

FI1G. 2B shows a flowchart describing the sequence of the
main steps of the reconstruction algorithm 1llustrated 1n FIG.
2A.

FIG. 3A shows an image of a reference sample, which
image 1s acquired by the image sensor. The reference sample
1s a sample configured according to the prior art. FIG. 3B
shows an 1mage of a test sample, which image 1s acquired by
the 1mage sensor. The reference sample and the test sample
are formed from a slide of tissue sampled from an 1ntestine.
The test sample 1s configured according to one embodiment
of the invention.

FIGS. 4A and 4B show an image of the modulus (1-¢ the
amplitude) and what a phase image of a light wave trans-
mitted by the reference sample, respectively. FIGS. 4C and

4D show a detail of FIGS. 4A and 4B, respectively.
FIGS. SA and 5B show an image of the modulus and a
phase 1mage of a light wave transmitted by the test sample,

respectively. FIGS. 5C and 5D show a detail of FIGS. 5A
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and 5B, respectively. FIGS. SE and SF are views of the test
sample, which views are obtained according to a conven-

tional microscopy modality, the field of observation corre-
sponding to the details illustrated in FIGS. SA and 3B,
respectively.

FIG. 6 A shows what a phase 1image of the test sample.
FIG. 6B 1s an image obtained from the same sample accord-
ing to a conventional microscopy modality.

DETAILED DESCRIPTION OF TH.
ILLUSTRATED EMBODIMENTS

(Ll

FIG. 1A shows an exemplary device. A light source 11 1s
able to emit a light wave 12, which light wave 1s called the
incident light wave. The incident light wave propagates
towards the sample 10, along a propagation axis Z.

The sample 10 may be a biological sample that 1t 1s
desired to characterize. It may especially be a tissue slide
intended for a histological analysis, for example an anato-
mopathological slide, including a thin thickness of tissue
deposited on a transparent slide 15. The expression “thin
thickness” 1s understood to mean a thickness that i1s prefer-
ably smaller than 100 um, preferably smaller than 10 um and
typically a few microns. Such a sample 1s shown in FIG. 1A.
The sample extends 1n a plane P,, called the sample plane,
perpendicular to the propagation axis Z.

This tissue slide 10 1s obtained using known preparation
methods from a tissue sample sampled by biopsy or swab-
bing, then prepared so as to take the form of a thin thickness
deposited on a transparent slide, the latter serving as a
holder. Such methods are known 1n the field of histology.
They for example include sectioning a frozen tissue, or
embedding a sampled tissue 1n a parailin matrix.

The distance A between the light source 11 and the sample
10 1s preferably larger than 1 cm. It 1s preferably comprised
between 2 and 30 cm. Pretferably, the light source, as seen by
the sample, 1s considered to be point-like. This means that its
diameter (or 1ts diagonal) 1s preferably smaller than one
tenth and better still one hundredth of the distance between
the sample and the light source. Thus, preferably, the light
reaches the sample 1n the form of plane waves, or waves
which may be considered as such.

In the example 1n FIG. 1A, the light source 11 includes
free light-emitting diodes (LEDs,) 11, 11, and 11, that emat
in a first spectral band A ;=450 nm-465 nm, a second spectral
band A,=520 nm-535 nm and a third spectral band A,=620
nm-630 nm, respectively. These three light-emitting diodes
constitute elementary sources of the light source 11. In this
example, the light source 1s a light-emitting diode (LED)
sold by Cree under the reference XLamp MCE. Its three
constituent elementary light-emitting diodes 11, 11, and 11,
are activated simultaneously. Alternatively, these light-emat-
ting diodes may be activated successively.

The light source 11 1s preferably point-like. It may espe-
cially comprise a diaphragm 18, or spatial filter. The aperture
of the diaphragm 1s typically comprised between 5 um and
1 mm and pretferably between 50 um and 500 um. In this
example, the diaphragm 1s that sold by Thorlabs under the
reference P150S and 1ts diameter 1s 150 um. The diaphragm
may be replaced by an optical fibre a first end of which 1s
placed facing the light source 11 and a second end of which
1s placed facing the sample 10.

The device preferably includes a scatterer 17, which 1s
placed between the light source 11 and the diaphragm 18.
The use of such a scatterer allows constraints on the centring
of the light source 11 with respect to the aperture of the
diaphragm 18 to be relaxed. The function of such a scatterer
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1s to distribute the light beam produced by an elementary
light source 11, (1=1=<3) over a cone of angle ., o being equal
to 40° 1n the present case. Preferably, the scattering angle .
varies between 10° and 80°. In this example, the scatterer 1s
that sold by Luminit under the reference Luminit LSD 40°.

The sample 10 1s placed between the light source 11 and
an 1mage sensor 20. The latter preferably extends parallelly,
or substantially parallelly to the transparent slide 15 holding
the sample. The expression “substantially parallelly” means
that the two elements may not be rigorously parallel, an
angular tolerance of a few degrees, smaller than 20° or 10°,
being allowed.

The 1mage sensor 20 1s able to form an image in a
detection plane P,,. In the example shown, 1t 1s a CCD or
CMOS mmage sensor including a matrix array of pixels.
CMOS sensors are the preferred type of sensor because their
pixels are of smaller size, thereby allowing images to be
acquired the spatial resolution of which 1s more favourable.
In this example, the 1image sensor 1s a CMOS sensor sold by
Omnivision under the reference OV5647. It 1s an RGB
CMOS sensor comprising 2592x1944 square pixels of 1.4
um size. The useful area of the sensor is 3.6x2.7 mm~.
Sensors the size of the pixels of which 1s smaller than 3 um
are preferred, in order to improve the spatial resolution of
the 1mage. The detection plane P, preferably extends per-
pendicularly to the propagation axis 7Z of the mncident light
wave 12.

The 1mage sensor includes a Bayer filter such that each
pixel 1s sensitive to a spectral band chosen from the blue, the
red or the green. Thus, when the sample 1s exposed to the
light source 11, the image sensor 20 acquires an 1mage I that
1s decomposable into:

a first image I, 1n the first emission spectral band A, of the
first light-emitting diode 11,, this image being formed
from the pixels exposed to a wavelength transmitted by
the blue filter of the Bayer filter;

a second 1mage I, in the second emission spectral band A,
of the second light-emitting diode 11, this 1image being
formed from the pixels exposed to a wavelength trans-
mitted by the green filter of the Bayer filter; and

a third 1mage I, 1n the third emission spectral band A, of

the third light-emitting diode 11,, this i1mage being
formed from the pixels exposed to a wavelength trans-
mitted by the red filter of the Bayer filter.

Generally, according to this embodiment, the 1mage sen-
sor 20 allows images I, of the sample 10 to be acquired 1n
various spectral bands A..
a light wave, called the exposing light wave 22, which 1s
transmitted by the sample 10 and to which the image sensor
1s exposed, 1n each spectral band A,. Preferably, there 1s no
overlap between the various spectral bands; a negligible
overlap for example concerming less than 25% and better
still less than 10% of the emitted light intensity 1s however
envisageable.

Other configurations are possible, for example a mono-
chromatic 1image sensor may be used that acquires, 1n the
various spectral bands A,, an 1image 1. of the sample as the
latter 1s successively illuminated by an incident wave 12..
Each incident wave 12, may be emitted by one light source
11, emitting 1n one of said spectral bands, or by a white light
source filtered by an optical filter the passband of which
corresponds to said spectral band A,

The distance d between the sample 10 and the matrix
array of pixels of the image sensor 20 1s, 1n this example,
equal to 300 um. Generally, and this whatever the embodi-
ment, the distance d between the sample and the pixels of the

Each image 1. 1s representative of
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image sensor 1s preferably comprised between 50 um and 2
cm and preferably comprised between 100 um and 2 mm.

The absence of magnifying optics between the image
sensor 20 and the sample 10 will be noted. This does not rule
out the optional presence of focusing microlenses level with
cach pixel of the image sensor 20, said lenses not having for
function the magnification of the image acquired by the
1mage Sensor.

Under the effect of the incident light wave 12, the sample
10 may engender a diflracted wave liable to generate, level
with the detection plane P, interference, in particular with
a portion of the incident light wave 12, transmitted by the
sample. Moreover, the sample may absorb some of the
incident light wave 12.. Thus, the exposing light wave 22, to
which the 1image sensor 1s exposed 20, may comprise, 1n a
spectral band A

a component resulting from the diffraction of the incident

light wave 12, by the sample; and

a component resulting from the absorption of the incident

light wave 12, 1n the sample.

A processor 30, for example a microprocessor, 1s config-
ured to process each 1image acquired by the image sensor 20.
In particular, the processor 1s a microprocessor connected to
ar memory 32 1n which a sequence of instructions allowing
the 1mage-processing and calculating operations described
in this description to be carried out 1s stored. The processor
may be coupled to a screen 34 allowing 1mages acquired by
the 1image sensor 20 or calculated by the processor 30 to be
displayed.

The device also includes an actuator 40 allowing the
sample 10 to be moved relative to the 1image sensor 20, this
movement preferably being 1n a direction perpendicular to
the propagation axis Z, 1.¢. parallel to the detection plane
P.,. Such a movement makes it possible to scan a sample of
large area, typically of a few cm®. The field of observation
of the 1mage sensor i1s similar to the size of the CMOS
sensor, i.e. 3.6x2.7 millimeters i.e. 9.7 mm~, because of the
small distance d between the sample and the sensor. It 1s
therefore necessary to move the image sensor 20 relatively
to the sample 10 11 all of the latter 1s to be observed.

One important aspect of the invention relates to the
configuration of the sample 10. Prior to the acquisition of
images by the image sensor, an impregnating liquid 25 1s
deposited on this sample. This impregnating liquid 25 1s a
liquid or a gel the refractive index of which 1s strictly higher
than 1 and pretferably higher than 1.2. Advantageously, this
refractive index is close to the refractive index of the sample,
or comprised between the refractive index of the sample and
the refractive mndex of the image sensor and in particular of
the focusing microlenses associated with each pixel. The
expression “refractive index close to that of the sample” 1s
understood to mean comprised between +50% and -50% or
+30% and -30% of the refractive index of the sample. The
refractive index of the impregnating liquid 235 1s for example
comprised between 1 and 2. Advantageously, it 1s comprised
between 1.2 and 1.8. When the sample 10 includes a frozen
tissue, the refractive index 1s preferably comprised between
1.3 and 1.5. When the sample 10 1s a tissue embedded 1n a
parailin matrix, the refractive mdex 1s preferably in the
vicinity of 1.5 and for example comprised between 1.4 and
1.7.

The impregnating liquid 235 1s placed in contact with the
sample 10 and the latter, because of its porosity, 1s impreg-
nated therewith. The sample then becomes transparent or
translucent under the eflect of this impregnation. The iven-
tors have observed that such a configuration allows a good-
quality image of the sample to be obtained, as described
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below with reference to the experimental trials that have
been carried out. The impregnating liquid 25 may be chosen
from a clearing agent known to clear tissues. It may for
example be BABB, acronym of benzyl alcohol/benzyl ben-
zoate, a clearing agent known to those skilled in the art. It
may also be glycerol, or ethanol or DMSO, acronym of
dimethyl sulfoxide. Other clearing agents known to clear
tissues 1.e. clearing agents, are mentioned in the publication
Zhu D “Recent Progress 1n Tissue Optical Clearing™ Laser
& Photonics Reviews. 2013 7(5): 732-757.

As 1llustrated i FI1G. 1A, the impregnating liquid 25 may
fill a space comprising the sample 10, this space being
bounded by the slide 15 described above called the holding,
slide, and another slide called the confining slide 16 which
preferably extends parallelly, or substantially parallelly, to
the holding slide 15 and to the detection plane P,,. This
configuration allows planar interfaces to be formed between
the various media through which the light wave transmitted
by the sample passes before reaching the image sensor 20.

The confining slide 16 1s optional and may be omitted, as
shown 1 FIG. 1B. In this configuration, the impregnating
liquad 25 extends between the sample 10 and the image
sensor 20. In this exemplary embodiment, the impregnating
liquid extends as far as focusing microlenses placed facing
cach pixel. This makes 1t possible to ensure matching of the
refractive index from the sample to each pixel.

In the embodiment shown 1n FIG. 1C, the impregnating,
liquad 25 1s placed 1n contact with the sample 10 and does
not extend as far as the image sensor. However, with respect
to the configurations 1illustrated 1n FIGS. 1A and 1B, this
configuration has the drawback of a non-planar and poorly
controlled air/impregnating liquid interface.

Use of an impregnating liquid between a sample and an
image sensor 1s known 1n the prior art, and in particular from
the atorementioned publication by W. Luo. However, an
important element of the invention is that the sample 10 1s
placed in contact with the impregnating liquid 235 and
impregnated with the latter, this running contrary to the prior
art 1n which the impregnating liquid extended as far as a
transparent slide bounding the sample and did not make
direct contact with the sample. The impregnation of the
impregnating liquid 25 mto the sample 10 modifies 1ts visual
appearance by increasing its transparency, thereby decreas-
ing the scattering of the incident light wave 12, in the
sample. The mvention takes advantage of the fact that the
impregnating liquid 25 penetrates into the sample 10, the
latter being porous.

The 1mages acquired with the image sensor 20 do not
allow a sufliciently precise representation of the observed
sample to be obtained, in particular when the latter 1s a tissue
slide. As described with reference to the prior art, 1t 1s
possible to apply, to each 1mage I acquired by the image
sensor 1 a spectral band A, a propagation operator h, so as
to calculate a quantity representative of the exposing light
wave 22, 1-¢ the light wave transmitted by the sample 10 and
to which light wave the 1image sensor 20 1s exposed. Such a
method, designated by the expression holographic recon-
struction, 1n particular allows an 1mage of the modulus or
phase of the exposing light wave to be reconstructed 1n a
plane parallel to the detection plane P,,, and in particular in
the plane P, in which the sample extends. To do this, the
product of a convolution between an 1mage I acquired by the
image sensor 20, which image 1s designated by the term
“hologram”, and a propagation operator h, 1s calculated. It 1s
then possible to reconstruct a complex amplitude a of the
exposing light wave 22 at any point of spatial coordinates
(X,v,z) and 1n particular 1n a plane located at a distance |z|
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from the image sensor 20, this plane possibly being the
sample plane P,. The complex amplitude o 1s a complex
quantity the argument and modulus of which are respec-
tively representative of the phase and intensity of the expos-
ing light wave 22 to which the image sensor 1s exposed.

The function of the propagation operator h(x,y,z) 1s to
describe the propagation of the light between the image
sensor 20 and a point of coordinates (x,y,z) located at a
distance |z| from the image sensor 20. It 1s then possible to
determine the modulus M(Xx,y,z) and/or the phase @(x,y,z) of
the light wave 22 at this distance |zl, which 1s called the
reconstruction distance, where:

M(x,v,z)=abs[a(x,y,z)]; and

px, yz)=arg[ax,y,z)].

The operators abs and arg designate the modulus and the
argument, respectively.

The complex expression of the exposing light wave 22 at
a coordinate (X,y,z) is given by a(x,y,z)=vI(X,y)*h(x,y,z) the
symbol * designating a convolution product. VI(x,y) desig-
nates the square root of the intensity of the pixels of
coordinates (X,y) of the image I acquired in the detection
plane P, and z here designates a reconstruction distance
with respect to the 1image sensor.

The propagation operator may for example be the Fresnel-
Helmholtz function such as:

. £
h(x, y, 2) = mfﬂﬂi exp[j:r

where A designates wavelength.

When the reconstruction distance z corresponds to the
distance d between the image sensor 20 and the sample plane
P, it is possible to obtain an image 1I° of the modulus M"
and/or phase ¢" of the exposing licht wave 22 transmitted by
the sample 1n the sample plane P,, each of these images,
so-called reconstructed images, being a representation of
this sample 10. The rest of the description, which relates to
experimental trials, shows that the 1mage representing the
phase of the exposing light wave 22 1n the sample plane P,
1s rich 1n information on the sample and may be used for the
purposes of histological analysis.

The mventors have developed an optimized holographic
reconstruction method that capitalizes on the acquisition of
images I, of the sample 1n a plurality of spectral bands A... For
this reason, the sample 1s illuminated simultaneously by
activating the three elementary light sources 11,, 11, and 11,
described above. The 1mage sensor 20 acquires an image I,
from which three images I,, I, I; are respectively formed 1n
the first, second and third spectral bands A, A,, A; respec-
tively associated with said elementary light sources, as
described above. The method implemented 1s an iterative
method, including the steps described below with reference
to FIGS. 2A and 2B. It has been further described 1n the
international patent application W0O2016189257.
1st Step: Initialisation

In a first image-acquiring step 100 each elementary light
source 11, of the light source 11 1s simultaneously activated.
The 1mage sensor acquires an image I, on the basis of which
the processor forms 1mages I, corresponding to each spectral
band A, respectively, the index 1 relating to the spectral band
being comprised between 1 and N, N being the number of
spectral bands in question. In this example, N=3. The
formation of each image I, may comprise a step called a
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demosaicing step, including an intensity interpolation
between pixels exposed to a given spectral band.

The sample 1s placed at an axial coordinate z=0 along the
propagation axis 7. A radial coordinate, 1.e. a coordinate in
a plane perpendicular to the propagation axis Z, 1s desig-
nated by r. The plane z=d corresponds to the detection plane
P,,, whereas the plane z=0 corresponds to the sample plane
P,.

If 177%r)=1“r) designates the value of the intensity
collected 1n the spectral band A, by the pixel of the image
sensor of radial coordinate r in the detection plane P, 1t 1s
possible to establish, using the 1mage 1., a complex ampli-
tude o7 %(r)=0.”(r) of the exposing wave 22, impinging said
pixel of coordinate r, the modulus of which may be
expressed by the expression:

ME(ry VL7

The exponent d expresses the fact that the complex
amplitude 1s determined i1n the detection plane P,,, of
equation z=d. As mentioned above, the complex amplitude
a.%(r) has a modulus and an argument, such that:

a2 (ry=ME (1)

where:

M.“(r) is the modulus of the complex amplitude of the
exposing light wave 22, detected by the 1mage sensor 1n
the i’ spectral band A,, at a radial coordinate r in the
detection plane; and

@,“(r) is the phase of the complex amplitude of the
exposing light wave 22, detected by the image sensor 1n
the i”” spectral band A, and at said radial coordinate r in
the detection plane.

However, the image sensor provides no mnformation on
the phase of the exposing light wave 22,. Thus, 1n step 100,
/%" is considered to be equal to an initial arbitrary value,
equal to 1 for example.

The complex amplitude o“(r) may optionally be
expressed 1n normalized form by the expression:

o
AL = o
JTren
where
I,7**”" is the mean intensity of an image formed in the i

spectral band A; this mean intensity may be determined
experimentally, by placing the image sensor 20 facing
the light source 11 without the sample interposed
therebetween, and by calculating the mean of the pixels
of the image acquired by the image sensor 20; and

A (1) is the normalized complex amplitude of the expos-

ing light wave 22, detected by the image sensor 20 1n
the i” spectral band A..

The complex amplitude may also be normalized by divid-
ing the complex amplitude o,“(r) by 1.**"(r) or its square
root, this term representing the light itensity, at the radial
coordinate (r), measured 1n the absence of a sample.

The normalized complex amplitude A “(r) has a modulus
and an argument such that:

A (Fy=m ()l # O

where
m “(r) is the modulus of the normalized complex ampli-
tude A,“(r) in the detection plane; and
@,%(r) is the phase of the normalized complex amplitude,
which is also the phase of the complex amplitude o “(r),

in the detection plane.

10

The first step 100 allows, on the basis of the image I,
acquired by the image sensor 20 in the i” spectral band X,
an 1nitial value to be attributed to each complex amplitude
a.%(r) or to each normalized complex amplitude A, “(r), this

> value being such that:
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a, , AP=MAPHNIr)

or

I¢(r)
d — A — ;
AE,PZI (F) = (F‘) — J Hﬂfﬂﬂ

The index p corresponds to the rank of the 1teration of the
iterative method described below. Since step 100 1s an
initialization step, the value 1 1s attributed to this index.

By addressing all or some of the pixels of the image
sensor 20, a complex i1mage, or complex ficld, of the
exposing light wave 22. at the detection plane P, 1s
obtained, this 1mage representing the complex amplitudes
a.%(r) or the normalized complex amplitudes A “(r).

In the rest of the description, only the normalized complex
amplitude A “(r) will be considered, but the reasoning fol-
lmjed below 1s equally applicable to the complex amplitude
o “(1).

This first step 1s repeated for each spectral band (A, . . .
A, detected by the image sensor 20.

274 Step: Back Propagation to the Sample Plane P,

In a second step 200, the normalized complex amplitude
A, :PD(r) of the exposing wave 22, to which the image sensor
1s exposed, 1s estimated in the sample plane P,. This
estimation 1s performed by back propagation of the normal-
1zed complex amplitude A, !pd(r) determined 1n the detection
plane P, ., this back propagation being carried out from the
detection plane P, to the sample plane P,.

In the first iteration (p=1), the normalized complex ampli-
tude A, :p:ld(r):Ald(r) obtained at the end of the first step
100 1s used. In subsequent iterations (p>1), the complex
amplitude resulting from the preceding iteration 1s used, as
will be detailed below.

As described above, by calculating the product of a
convolution between the complex amplitude of the exposing
light wave 22, associated with the spectral band A, 1.e. the
complex amplitude determined in the detection plane z=d,
and a propagation operator h, 1t 1s possible to reconstruct a
complex amplitude of the same light wave at any point of
spatial coordinates (r,z), and 1n particular 1n the sample plane
P,. In other words, the normalized complex amplitude
A, 7(r) of the exposing light wave 22, may be obtained, at a
point of coordinates (r,z), from A, ;zd(r), using the opera-
tion:

AI-@?E(;V) :Az'pzzd(r) bgh}\..i(?; Z_d):

where h, designates the propagation operator h in the spec-
tral band A,. The propagation operator may in particular be
based on the Fresnel diffraction model. In this example, the
propagation operator 1s the Fresnel-Helmholtz function such
that:

1 ., z r
TEJ’MI exp{jﬂ—

Wr, 2) =
> 2) iz Az

where A designates wavelength.
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Thus,
AT (r) = A} (r) =
2
AT (D= hy(r, —d) = —— ¢ 1ff,4d (' Yexp — ( (r&_;) ]a’r’
where:

' 1s the radial coordinates in the plane P, of the image

sensor 20, of equation z=d;

r 1s the radial coordinates in the sample plane P,, which

here 1s the reconstruction plane, of equation z=0; and

A, 1s the central wavelength of the spectral band.

When the reconstruction 1s carried out 1n the direction of
propagation of the light, for example from the sample 10 to
the 1mage sensor 20, propagation 1s spoken of. When the
reconstruction 1s carried out in the direction opposite to the
direction of propagation of the light, for example from the
image sensor 20 to the sample 10, back propagation 1is
spoken of. A, (r) 1s therefore obtained by back propagating

(r) over the distance d separating the detection plane P,
frem the sample plane P,,.

This second step 1s repeated for each spectral band
(A, ... A, emitted by the light source 11 or, more generally,
for each spectral band (A, . . . A,) respectively associated
with each image (I, . . . I, detected by the image sensor 20.

Independently of whether the complex amplitude 1s nor-
malized or not, it 1s possible, at this stage, to establish an
image of the modulus or phase of the complex amplitude
A pﬂ(r) of each exposing light wave 22, 1n the sample plane
P,, by calculating the value of A, ;(r) at various coordinates
r in the sample plane P,.

Each image of the modulus of the complex amplitude
A ;(r) 1s representative of the intensity of the exposition
light wave 22,, within spectral band A, in the sample plane
P,, whereas each image of the argument of the complex
amplitude Aiﬂpo(r) is representative of the phase @,” of the
light wave 22, in the plane P, of the sample. The normalized
complex amplitude A, !pﬂ(r) corresponds to a transmission
function of the incident wave 12, by the sample 10 at the
radial coordinate r.
3rd Step: Determining the Weighting Function

In step 300, a weighting function denoted Fpﬁ(r) that
weights, 1n the sample plane P,, the complex amplitude of
the light wave transmitted by the sample in the various
spectral bands A, 1s calculated. According to this example,
the weighting function Fpﬂ(r), in the sample plane, 1s com-
mon to each spectral band A.. It 1s obtained by combining the
normalized complex amplitudes A, :FD(I‘) of the light wave
transmitted by the sample, 1n the sample plane P, and 1n the
various spectral bands A,. In this example, 1t 1s obtained by
calculating a weighted sum of each complex amplitude
determined 1n step 200, in the sample plane P,, according to
the expression:

|
FO(r) = Z—kz kA (r)

where k, designates a weighting factor associated with the i
spectral band A.,.

The weighting factors may be equal to one another and for
example equal to V5.
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4th Step: Propagation of the Weighting Function to the Plane
of the Image Sensor

Step 400 aims to propagate, from the sample plane P, to
the plane P,, of the image sensor, the weighting function
Fpﬂ(r) determined 1n the preceding step. Since the propaga-
tion operator h 1s dependent on wavelength, this propagation
1s carried out for each spectral band A, 1n question.

Thus, for each spectral band A, Fl.:pd(r):FpD(r) *h, (r,z=d).

When the propagation operator 1s a Fresnel-Helmholtz
operator such as defined above,

jzﬂ ffFﬂ (r)exp( ]r’.

As the propagation operator depends on wavelength, the
same number of weighting functions 1s determined, in the
detection plane, as there are spectral bands A, 1n question.
r' 1s the radial coordinates 1n the plane P,, of the image
sensor, of equation z=d;
r 1s the radial coordinates 1n the sample plane P,, which
here 1s the reconstruction plane, of equation z=0; and
i, 1s the central wavelength of the spectral band 1n
question.
Sth Step: Updating the Complex Amplitude 1n the Plane of
the Image Sensor
In step 500 the value of the weighting function Ff!pd(r), n
the detection plane z=d, 1s used to update, 1n the same plane,
the estimation of the normalized complex amplitude Afﬂpd(r)
of the exposition light wave 22, to which the image sensor
20 15 exposed 1n the spectral band A..
The updating formula 1s:

(r—r')

d
Fi,r)= d

Fi,(r)
|[Fe, ()]

o dd
d d 185,
Aj p(r) = m| 4(r) % =m; (r)Xe""HP

where:
| (1)l designates the modulus of F, !pd(r);
m,“(r) 1s the modulus of the normalized 1nitial complex
amplitude A, ,_ .? determined from each image I, in the
first step 100. This term acts as a link to the measured

data;

@ 1is an estimation of the phase of the complex ampli-
tude of the exposing wave 22, in the i” spectral band A ;
and
A :pd(r) 1s the complex amplitude of the exposing light

wave 22 transmitted by the sample 10, within spectral
band A, in the plane of the image sensor 20, this
complex amplitude being used 1n the following itera-
tion, of rank p+1.

Following this step, a new iteration may commence, the
input complex amplitude of this new iteration of rank p+1
being A, , ld(r):A (r)AI 1 (r)—A “(r), this new itera-
tion starting, for the various speetral bands in question, with
the back propagation of each normalized complex amplitude
A, ,p+1d(1') to the sample plane P,, according to step 200.

Steps 200 to 500 are carried out 1teratively either accord-
ing to a preset number p, _ of iterations or until a conver-
gence criterion has been reached, the latter possibly, for
example, being expressed in the form of a diflerence
between the two estimates of a given quantity obtained in
two successive iterations.
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At the end of the method, an estimation 1s obtained, in the
detection plane P,, of equation z=d and/or in the sample
plane P, of equation z=0 and for each spectral band A, of the
complex amplitude of the exposing light wave 22, transmit-
ted by the sample 10, to 10 which light wave the image
sensor 20 1s exposed. Using the various reconstructed com-
plex amplitudes Aiﬂpﬂ(r) in the sample plane P,, and 1in
particular by forming images from the modulus or phase of
said complex amplitudes, a precise representation of said
plane 1s obtained 1n each of the spectral bands 1n question.

Although this algorithm has been described with refer-
ence to a normalized complex amplitude A, 1t also applies to
the non-normalized complex amplitude ..

From the complex amplitude obtained 1n the sample plane
in the various spectral bands A, 1t 1s possible to establish an
image 1° representing:

cither the intensity, in the sample plane P, of the exposing

wave 22, transmitted by the sample 1n a spectral band
A

or the phase ¢,”, in the sample plane P,, of the exposing

wave 22, transmitted by the sample 1n a spectral band

A,

It 1s also possible to combine the moduli or the arguments
of the complex amplitude A, !pdj in the various spectral bands
A, Tor example 1n the form of a mean, so as to form an 1mage
I representing the intensity or phase ¢" of the exposing light
wave 22 transmitted by the sample 10 and impinging the
image sensor 20.

Experiments

Trials were carried out using a sample obtained from a
biopsy of a human colon. Following the biopsy, the tissue
was immersed in formaldehyde, which was used by way of
fixative, then dehydrated by submerging 1t into solutions of
increasing alcohol concentration. Next 1t was embedded into
a paralin matrix and then sectioned into thin slices of
thickness comprised between 3 and 4 um. In these trials, the
impregnating liquid 25 used was an Olympus immersion oil
the refractive index of which was 1.516 at 23° C. The
parailin slice, which formed the test sample 10, _,, was then
deposited on a holding slide 15, and a drop of impregnating
liquid 25 was applied to the slice. The sample 10 was then
placed close to the image sensor 20 described above, such
that the impregnating liquid extended between this sensor
and the sample, according to the configuration illustrated 1n
FIG. 1B.

Another tissue slice that was not wetted with the impreg-
nating liquid was also observed, this slice forming a refer-
ence sample 10, .

FIGS. 3A and 3B show images, which images are desig-
nated by the term hologram, acquired by the 1mage sensor
20, these 1mages being of the reference sample 10, .and of
the test sample 10_ ., respectively. The acquired images are
here 1images in the first spectral band A, (1in the present case
450 nm-465 nm) represented here 1in grey levels. It may be
observed that the image of the test sample (FIG. 3B) 1s
clearly less contrasted than the image of the reference
sample (FIG. 3A) as the test sample was made transparent
by the impregnating liquid 25.

FIGS. 4A and 4B show the results of holographic recon-
structions obtained from the hologram of the reference
sample 10, . illustrated 1n FIG. 3A, by implementing the
reconstruction algorithm described with reference to FIGS.
2A and 2B. FIG. 4A shows the modulus m_,°(r) of the
normalized complex amplitude A,_,°(r), in the sample plane
P,, whereas FIG. 4B shows the phase ¢,_,"(r) of the nor-
malized complex amplitude A,_,°(r), in the sample plane P,,.
None of these figures 1s truly exploitable.
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FIGS. 4C and 4D respectively correspond to details of the
images 4A and 4B 1n the regions of interest bounded by the
dotted frames.

FIGS. SA and 5B show the results of holographic recon-
structions obtained from the hologram of the test sample
10 1illustrated in FIG. 3B. FIG. 5A shows the modulus
m,._,°(r) of the normalized complex amplitude A,_ °(r), in
the sample plane P,, whereas FIG. 5B shows the phase
@,_, (r) of the normalized complex amplitude A _,°(r) in the
sample plane P,. FIG. 5A contains no exploitable informa-
tion, this being expected given that the test sample 10, was
made transparent by the impregnating liquid 25. In contrast,
FIG. 5B 1s particularly rich 1n information and 1s an exploit-
able representation of the observed sample. FIGS. 5C and
5D correspond to details of the image 5B, 1n the regions of
interest bounded, 1 FIG. SB, by the dotted frames. The
implemented reconstruction method is rapid: the duration of
the acquisition 1s only 0.5 seconds whereas the duration of
the reconstruction 1s of the order of one second, 1.e. 1.5
seconds to obtain an exploitable 1image, the field of obser-
vation being 9.7 mm®.

The test sample 10, was observed by microscopy after
haematoxylin-eosin-safiron (HES) staining, this type of
staining being common 1n the field of histology. FIGS. SE
and SF show images corresponding substantially to the
regions of iterest shown 1 FIGS. SC and 5D, respectively.
The consistency between the reconstructed phase image and
the 1mage obtained by microscope 1s obvious, this attesting
to the reliability and advantageousness of the invention.

The relative position of the test sample 10, . and of the
image sensor 20 was modified, by virtue of the translation
stage 40. A representation of all of the test sample was
obtained by scanning. FIG. 6A shows an image of the
phase ._,°(r) of the normalized complex amplitude A,_,°
(r) in the first spectral band A, said 1mage having been
reconstructed 1n the sample plane P, after application of a
high-pass variance filter. Such a filter allows the value of the
variance in the vicinity of each pixel to be calculated, the
value of the pixel being replaced by the value of the variance
thus calculated. The vicinity of each pixel may for example
be a zone of 5 by 5 pixels. Other high-pass filters, for
example of the type used 1in edge detection, could be used.
FIG. 6B shows an observation of the test sample by con-
ventional microscope 1.e. by a reference method. The degree
of consistency between these two 1mages 1s high.

Generally, an 1image of the phase of the wave transmitted
by the sample, 1.e. the wave to which the image sensor 1s
exposed, represents a spatial distribution of the refractive
index of the sample, in so far as the thickness of the sample
may be considered to be constant, which 1s the case when
slices of biological tissues are being observed.

The method described above allows a representation of a
sample to be obtained that 1s exploitable 1n histology and
diagnosis-assistance, and has the following advantages:

with respect to a microscope, the field of observation 1s

larger, thereby allowing a sample of large area to be
observed much more rapidly:

the method does not require the sample to be stained; and

with respect to other holographic methods, the impreg-

nation of a sample with an impregnating liquid allows
holograms to be obtained the quality of which 1s high
enough to obtain reconstructed images allowing correct
and rapid characterization of the sample.

The mvention will possibly be used to observe a tissue
sample 1n histology but also, outside of the field of biology,
any porous sample the transparency of which 1s increased
under the eflect of impregnation by an impregnating liquid.
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The targeted applications may be in the field of food
processing, the analysis of industrial samples (filters for
example) or in the field of environmental 1nspection.

The invention claimed 1s:

1. A method for observing a porous sample, the method
comprising;

illuminating said sample with a light source that emits an

incident light wave propagating towards the sample;

applying an impregnating fluid to the sample such that the
sample 1s 1mpregnated with the impregnating liquid,
the impregnating liquid having a refractive index that 1s
greater than 1, and the sample 1s made transparent or
translucent after the impregnating liquid has been
applied;

acquiring, using an image sensor extending in a detection

plane, an 1image of the sample, the sample being placed

between the light source and the image sensor, the
image being representative of an exposing light wave to
which the 1mage sensor 1s exposed;

applying a propagation operator to the image to form a

reconstructed 1mage representative of the exposing

light wave, 1n a plane passing through said sample,
wherein

the impregnating liquid extends from the sample to the

image sensor, and

the reconstructed 1image 1s established from a phase, in the

plane passing through the sample, of the exposing light

wave.

2. The method according to claim 1, wherein the sample
1s a slice of biological tissue.

3. The method according to claim 1, wherein the impreg-
nating liquid has a refractive index between 1.2 and 1.8.

4. The method according to claim 1, wherein the 1mage
sensor comprising a plurality of pixels.

5. The method according to claim 1, wherein the impreg-
nating liquid 1s applied to the sample or to the image sensor
and then a distance between the sample and the 1image sensor
1s decreased until the impregnating liquid extends from the
sample to the 1mage sensor.

6. The method according to claim 1, further comprising:

acquiring a plurality of i1mages, each image being

acquired 1n a different spectral band, wherein

the propagation operator 1s applied to the 1mage according

to the following substeps:

a) determining, from each 1image acquired 1n a spectral
band, an iitial complex amplitude of the exposing
light wave 1n said spectral band, in the detection
plane;

b) based on each complex amplitude established 1n said
detection plane, in each spectral band, determining a
complex amplitude of the exposing light wave 1n
cach spectral band, in the plane 1n which the sample
extends:

¢) combining a plurality of complex amplitudes, 1n
various spectral bands, to calculate a weighting
function 1n the sample plane;

d) projecting said weighting function into the detection
plane so as to obtain, for each spectral band, a final
weilghting function 1n said detection plane; and

¢) updating each complex amplitude of the exposing
light wave in each spectral band, 1n the detection
plane, using said final weighting function.
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7. The method according to claim 6, wherein the propa-

gation operator 1s applied according to

) forming the reconstructed image representative of an
argument, 1 the plane of the sample, of the complex
amplitude of the exposing light wave transmitted by the
sample 1n at least one spectral band.

8. A method for observing a porous sample, the method

comprising:

illuminating said sample with a light source that emaits an
incident light wave propagating towards the sample;

applying an impregnating tluid to the sample such that the
samplers impregnated with the impregnating liquid, the
impregnating liquid having a refractive index that 1s
greater than 1, and the sample 1s made transparent or
translucent after the impregnating liquid has been
applied;

acquiring, using an image sensor extending in a detection
plane, an 1mage of the sample, the sample being placed
between the light source and the image sensor, the
image being representative of an exposing light wave to
which the 1mage sensor 1s exposed;

applying a propagation operator to the image to form a
reconstructed 1mage representative ol the exposing
light wave, 1n a plane passing through said sample,
wherein

wherein a transparent slide 1s placed between the sample
and the 1mage sensor, the impregnating liquid extend-
ing between the sample and said transparent shide, and

the reconstructed 1image 1s established from a phase in the
plane passing through the sample, of the exposing light
wave.

9. The method according to claim 8, wherein the sample

1s a slice of biological tissue.

10. The method according to claim 8, wherein the impreg-

nating liquid has a refractive index between 1.2 and 1.8.

11. The method according to claim 8, further comprising:

acquiring a plurality of images, each i1mage being
acquired 1n a different spectral band, wherein

the propagation operator 1s applied to the image according
to the following substeps:

a) determining, from each image acquired in a spectral
band, an initial complex amplitude of the exposing
light wave 1n said spectral band, in the detection plane;

b) based on each complex amplitude established in said
detection plane, in each spectral band, determining a
complex amplitude of the exposing light wave 1n each
spectral band, in the plane in which the sample extends;

¢) combining a plurality of complex amplitudes, in vari-
ous spectral bands, to calculate a weighting function 1n
the sample plane;

d) projecting said weighting function into the detection
plane so as to obtain, for each spectral band, a final
welghting function in said detection plane; and

¢) updating each complex amplitude of the exposing light
wave 1n each spectral band, 1n the detection plane,
using said final weighting function.

12. The method according to claim 11, wherein the

propagation operator 1s applied according to

) forming the modified 1image representative of an argu-
ment, 1n the plane of the sample, of the complex
amplitude of the exposing light wave transmitted by the
sample 1n at least one spectral band.
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